It has been well established that the critical current density J c across grain boundaries ͑GBs͒ in high-temperature superconductors decreases exponentially with misorientation angle beyond ϳ2°-3°. This rapid decrease is due to a suppression of the superconducting order parameter at the grain boundary, giving rise to weakly pinned Abrikosov-Josephson ͑AJ͒ vortices. Here we show that if the GB plane meanders, this exponential dependence no longer holds, permitting greatly enhanced J c values: up to six times at 0 T and four times at 1 T at ϳ 4°-6°. This enhancement is due to an increase in the current-carrying cross section of the GBs and the appearance of short AJ vortex segments in the GB plane, confined by the interaction with strongly pinned Abrikosov ͑A͒ vortices in the grains.
INTRODUCTION
The complex behavior of grain boundaries ͑GBs͒ in high-temperature superconductors ͑HTSs͒ is still not well understood because of the interplay of many competing mechanisms, such as the d-wave pairing symmetry, impurity scattering, hole nonstoichiometry, nanoscale phase separation due to the order parameter suppression, and precipitation of the antiferromagnetic dielectric phase augmented by charging and strain effects produced by the chain of GB dislocations. 1 Moreover, the suppression of superconductivity on charged dislocation cores and in nanoscale channels between them makes GBs strong barriers to current flow, [1] [2] [3] a fact that has remained one of the most significant challenges to applications of HTS. 4 As shown by Dimos et al. in 1990, 5 and many times confirmed, 1, 6, 7 the critical current density J c across GBs in YBa 2 Cu 3 O 7−␦ ͑YBCO͒ falls off exponentially below the intragrain J c beyond a certain critical misorientation angle c . While the data of Dimos et al. suggested c as large as 10°, more recent work confirms c to be no larger than 2°-3°. 6, 7 It has been shown that dislocations which form low angle GBs act as pinning centers for the hybrid Abrikosov-Josephson ͑AJ͒ vortices at the grain boundary. 8, 9 Knowledge of GB transport properties has been based largely on extensive investigations of YBCO films grown by pulsed laser deposition ͑PLD͒ on SrTiO 3 ͑STO͒ bicrystal substrates 1, 5, 7 for which GBs are macroscopically planar 10 and parallel to the film normal. However, in certain ex situ growth processes, 11 qualitatively different grain boundary interfaces can occur. 12, 13 Thick ͑Ͼ0.5 m͒ ex situ processed films exhibit extensive GB meandering both through the thickness of the film and in the plane of the film. 12, 13 In this case the surface between two grains is no longer planar but often becomes fractal or reentrant with amplitudes up to ten times larger than the film thickness 13 due to the lateral growth mode of the grains induced by precipitation from a transient liquid phase. 14 The meandering of the GB radically changes mechanisms of intergrain current transport in HTS, as shown below. Unlike nominally planar GBs in PLD films, a detailed study of transport properties has not been previously performed for meandered GBs. We report here on the J c ͑ , H͒ dependence of strongly meandered YBCO GBs in thick ͑ϳ0.8 m͒ ex situ processed films and find significant enhancements of J c ͑ , H͒ as compared to planar GBs. We attribute this enhancement to an increase in GB area and the effective suppression of the channeling of weakly pinned vortex segments along the GB due to their confinement by strongly pinned vortices in the grains. Our results show that there are circumstances under which the criteria of Dimos et al. 5 do not hold and that a radical reduction of current- 
EXPERIMENTAL
Single GBs in YBCO films were isolated in samples featuring polycrystalline rolling assisted biaxially textured substrates ͑RABiTSs͒. 16 Specific architectures were YBCO ͑600-800 nm͒ / CeO 2 ͑55-75 nm͒/yttria-stabilized zirconia 75-200 nm/ Y 2 O 3 ͑30-75 nm͒ /Ni-5%W ͑75 m͒ with an average Ni-W ͑RABiTS͒ grain size of ϳ25 m. The YBCO was deposited by both PLD and the ex situ metalorganic deposition ͑MOD͒ process. 17 Electron backscatter diffraction ͑EBSD͒ data were used to identify the GBs in the YBCO, and grains and GBs of specific were then chosen for study and measured with 7 m wide, 20 m long links defined by standard photolithography methods. Four-probe measurements of dc voltage-current characteristics with Ͻ0.2 nV noise level allowed us to report J c values at the 1 uV/ cm electric field criterion ͑2 nV͒. Transmission electron microscopy ͑TEM͒ images were taken on a Tecnai TF30 TEM/ scanning TEM microscope operating at 300 kV. Figure 1 presents the self-field J c ͑͒ dependence for several types of YBCO films: 200 nm thick PLD-grown films on ͓001͔ tilt STO bicrystals taken from Verebelyi et al. 7 ͑solid line͒, 300-400 nm thick ex situ processed films grown by either the physical vapor deposition-BaF 2 ͑PVD-BaF 2 ͒ method or MOD on RABiTS ͑triangles, data taken from Feldmann et al. 6 ͒, 600 nm thick PLD-grown films on RABiTS ͑circles, this work͒, and 800 nm thick MOD-grown films on RABiTS ͑stars, this work͒. For those films on RABiTS templates, single GBs were isolated and measured as described above. As previously reported, 300-400 nm thick PVD-BaF 2 and MOD-grown films do not result in significant GB meandering. 12 No significant GB meandering is observed in the 600 nm thick PLD-grown films on RABiTS either, as shown in Fig. 2͑a͒ . These two data sets fit remark- The data were acquired at 77 K and self-field ͑zero applied field͒. J c was calculated by dividing the critical current of the link by the cross-sectional area of the link. Data plotted at = 0 represent the critical current density of the grain. The inset is a light microscope image of an isolated GB ͑right link͒ and an adjacent grain ͑left link͒ in a MOD/RABiTS sample; current and voltage taps are highlighted and the same circuit was used to measure all samples in this work.
RESULTS AND DISCUSSION

FIG. 2. TEM images of GBs in YBCO films on
RABiTS. ͑a͒ A crosssectional TEM image revealing a planar GB in a PLD-grown film. ͑b͒ A cross-sectional TEM image revealing a meandered GB in a MOD-grown film. ͑c͒ A plan-view TEM image of a meandered YBCO GB in a MODgrown film. The GBs of ͑a͒ and ͑b͒ were first isolated within 7 m wide links and characterized electromagnetically, and then TEM specimens were prepared from within these links with a focused ion beam. The GB J c ͑77 K , 0 T͒ values were ͑a͒ 0.7 MA/ cm 2 and ͑b͒ 3.1 MA/ cm 2 . In all images, the grains are highlighted by diffraction contrast created by aligning the beam in the TEM with a major zone axis of the material on one side of the boundary. The GBs in ͑b͒ and ͑c͒ are indicated with a dashed line.
ably well to the data from thin PLD-grown YBCO films on artificial ͓001͔ tilt STO bicrystals. The fact that the data for isolated GBs on RABiTS agrees so well with data for ͓001͔ tilt GBs, despite consisting of varying magnitudes of tilt and twist components, 13 is consistent with previous YBCO bicrystal studies reporting a similar J c ͑͒ dependence for pure ͓001͔ tilt, ͓100͔ tilt, and ͓100͔ twist boundaries. 1, 6 These multiple data sets, derived from different YBCO growth methods, different templates, GBs with different axes of misorientation, yet all consisting of planar GBs, confirm the exponential J c ͑͒ dependence repeatedly reported in the literature. [5] [6] [7] However, strikingly different results are obtained from GBs isolated in 800 nm thick MOD-grown YBCO films on RABiTS ͑Fig. 1͒. These GBs are known to meander strongly about the substrate GBs and through the thickness of the film. There is no longer a consistent trend in J c as a function of . Many of the GBs have greatly enhanced J c values relative to the traditional exponentially decreasing J c ͑͒ dependence. The most remarkable example is a GB with Ϸ 5.5°a nd J c = 4.9 MA/ cm 2 . This value is more than six times higher than indicated by the bicrystal data and nearly the same as J c within the grain.
To confirm the planar/meandered nature of specific GBs that were measured, cross-sectional TEM specimens were prepared ͑as described above͒ from within the 7 ϫ 20 m 2 links for direct observation of the grain boundary structure for several of the samples in Fig. 1 . The letters A and C denote two samples with meandered ͑MOD/RABiTS͒ and planar ͑PLD/RABiTS͒ GBs, respectively. The GB of sample C is revealed in Fig. 2͑a͒ , and is macroscopically planar and parallel to the film surface normal. The GB of sample A is revealed in Fig. 2͑b͒ , and is highly tilted with respect to the sample normal and meandering, as we have previously reported for similar ex situ grown films.
12,13 For a MOD-grown YBCO film on RABiTS processed similarly to the MOD/ RABiTS samples of Fig. 1 ͑but not presented in Fig. 1͒ , a plan-view TEM specimen was prepared by conventional methods. The observed microstructure is shown in Fig. 2͑c͒ , and the YBCO GB is again highly meandered. The amplitude of the meander is significantly smaller than the large amplitudes ͑several microns͒ observed by EBSD, 12, 13 revealing the fractal nature of the GB meander and also the large increases in GB area that result from meandering.
The meandered GBs also show remarkably improved critical current densities in applied magnetic fields. In Fig.  3͑a͒ , J c ͑H͒ is presented for two of the isolated GBs in Fig. 2 : a 7.15°planar GB in a PLD YBCO film and a 6.4°strongly meandered GB in a MOD YBCO film ͑samples C and B from Fig. 1 , respectively͒. The J c of the GB from the PLDgrown film is suppressed well below that of the grain out to ϳ5 T, typical behavior for a GB of this value of . 7 For the meandered GB of the MOD film, J c of the boundary is only slightly suppressed below the grain out to an applied field of ϳ2 T. At higher fields, the GB is no longer a barrier to current flow as J c is limited by vortex depinning within the grains. At 1 T, the J c of the MOD GB is more than four times higher than that of the PLD GB. The inset to Fig. 3͑a͒ shows four intragrain J c ͑H͒ curves for each of the MOD-and PLD-grown YBCO films on RABiTS. The data reveal that the properties of the grain are quite uniform throughout the samples and also very similar for the two different deposition methods, despite their very different GB structures and GB J c properties.
We believe that two factors are largely responsible for the greatly enhanced J c across meandered GBs. One is due to the fact that a meandering GB splits a vortex treading the film into two pinned vortex segments in the grains connected by a Josephson string in the GB plane, as illustrated by Fig.  3͑b͒ . As shown both theoretically 18 and experimentally, 19 AJ hybrid vortices in the GB plane are pinned weaker than vortices in the grains. However, unlike AJ vortices which lie wholly in the planar GBs, the AJ segments on the meandering GBs cannot easily move under the action of the Lorentz force without pulling strongly pinned A vortex segments in the grains or cutting and reconnecting neighboring flux lines. In this case, weakly pinned AJ segments constitute only a small fraction of vortex length, so the global current transport in a polycrystal with meandering GBs is enhanced by stronger pinning of vortices in the grains.
A recent result consistent with this interpretation is in the study of Durrell et al. 9 Using YBCO films grown by PLD on STO bicrystal substrates ͑planar GBs͒, they showed that the characteristic suppression of the GB J c in applied fields was FIG. 3 . ͑Color online͒ J c as a function of H for single grains and GBs in YBCO films on RABiTS. ͑a͒ J c ͑H͒ is presented for an Ϸ7°grain boundary in a PLD-grown film and an Ϸ6.5°grain boundary in a MOD-grown film, along with an adjacent grain in each case. The corresponding data in Fig. 1 are highlighted with the letters C and A, respectively. The upper inset shows eight intragrain curves, four each from MOD and PLD films of this work. H was applied parallel to the sample normal ͑nominally parallel to the YBCO c axis͒. ͑b͒ A schematic of the pinning mechanism concept for GBs highly meandered ͑tilted͒ with respect to the sample normal. ameliorated when the magnetic field was rotated away from the plane of the GB and even disappeared for greater than a certain threshold k , where is the angle a flux vortex makes with the GB. This observation was attributed to flux cutting, where a short weakly pinned segment within a vortex, which is otherwise strongly pinned, can nevertheless lead to dissipation. Unless a vortex is entirely aligned within the weak pinning channel formed by the grain boundary, the majority of the vortex, in the more strongly pinned grain, will not depin until J c of the grain is reached. However, flux cutting will occur if the available Lorentz force is sufficient to bend the vortex into an unstable state, at which point the vortex may be displaced through the channel by lengthening until it meets another vortex. In the case of a strongly meandered GB, the angle at which each vortex intersects the GB is different, and the weak pinning channel formed by the GB is now a highly tortuous path for the AJ vortex segments to walk, which likely results in an increase of the force required to cut a vortex relative to that observed by Durrel et al., leading to further J c enhancement. A highly meandered GB will also virtually ensure that many vortices will be intersecting the GB at Ͼ k , with the result that for these regions of the GB, the J c across the GB will always be equal to the grain J c . The slight suppression of the GB J c below the grain J c for the meandered GB of Fig. 3͑a͒ is consistent with flux cutting.
A second factor contributing to the enhanced supercurrent across a meandered GB is the increase in GB area, 20, 21 as revealed in Figs. 2͑b͒ and 2͑c͒ , which increases the current-carrying cross section. To understand the influence of GB area more explicitly, we measured the current transparency of one GB with no significant meandering in a 250 nm thick YBCO film grown by PLD on a 5°͓001͔ tilt STO bicrystal. Links of a fixed width ͑w͒ were patterned across the GB at angles of 0°, 30°, and 60°relative to the normal to the GB plane, resulting in GB areas inside the links of tw, 1.15tw, and 2tw, respectively, where t is the thickness of the film. The J c ͑H͒ dependence of these links is shown in Fig. 4 . The self-field J c values of the links ͑lower inset͒ show a strong increase in J c with increasing GB area, consistent with the data of Fig. 2 . For the standard measurement geometry where the link is patterned parallel to the GB normal, the GB J c is suppressed well below that of the grain out to Ϸ6 T, behavior that is again typical for this GB angle. 7 As the area of the GB inside the link is increased, the GB curve moves closer to the grain curve, and when the area of the GB in the link is doubled to 2tw, no suppression of the self-field J c is observed, and only a slight suppression is observed in applied fields less than 4 T. The curves here corresponding to GB areas of tw and 2tw behave very similarly to the GB curves in Fig. 3 of the PLD-and MOD-grown films, respectively. Thus we conclude that the enhanced J c of meandered GBs has important contributions both from the increased GB area and from enhanced pinning of AJ GB vortex segments by A vortex segments.
CONCLUSION
In conclusion, we have presented a J c ͑͒ study of highly meandered GBs in YBCO. Unlike planar GBs, meandered GBs exhibit greatly enhanced J c both at self-field and in applied magnetic fields. We conclude that the enhanced J c of meandered GBs is due to an increase in GB current-carrying cross section and confinement of AJ vortex segments by strongly pinned vortex segments in the grains. We believe that these mechanisms give a possibility to overcome the grain boundary "barrier" in HTS in a much easier way than by Ca overdoping 15 of GBs.
